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Abstract
Climate Change is certainly becoming a real problem for the society. Global warming and sea
level rise, along with wind patterns and atmospheric pressure changes, are being studied by many
scientists using numerical models with future scenarios to ﬁnd out the possible eﬀects of the Climate
Change.
The main purpose of this study is to analyse the eﬀects of sea level rise and future wave climate
conditions on the Port of Barcelona, the most important of the Catalan coast and a logistic HUB
for the Mediterranean area.
Three future scenarios are considered and compared to the present conditions. The ﬁrst future
scenario considers no sea level rise (mean sea level equal to the average between years 1986 and
2005), but the wave climate projected for the year 2100 using the RCP8.5 scenario from the IPCC.
The second and third future scenarios consider the same future wave climate but with a sea level
rise of 0.88 m and 1.80 m respectively. Only waves coming from between East-northeast and South-
west have been taken into account as the other directions will not have any signiﬁcant impact on
the port.
Waves are propagated from deep water all the way to the port entrance with a third generation
wave propagation model (SWAN). The results from this model are used as boundary conditions
for a more detailed and Boussinesq-type model (LIMPORT) to obtain the wave agitation inside
the port. Port operability is determined combining the agitation results with speciﬁc wave height
threshold levels for the diﬀerent types of vessels at each berth of the port.
The ﬁnal results show that the operability of the Port of Barcelona will not be signiﬁcantly af-
fected by the Climate Change. Even though, there is a general increase of the wave heights with
increasing sea level rise, which slightly increases the inoperability hours of certain berths, the lim-
its of inoperability recommended by the Spanish Harbour Authority (Puertos del Estado) are not
exceeded in any berth for any scenario.
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Resum
El canvi climàtic comença a ser un problema real per a la societat. Molts cientíﬁcs estudien
l'escalfament global i l'augment del nivell del mar juntament amb els canvis en les corrents de vent
i de pressió atmosfèrica mitjançant models numèrics i escenaris de futur, per tal de determinar els
possibles efectes del canvi climàtic en el futur.
El principal objectiu d'aquest treball és analitzar els efectes de l'augment del nivell del mar i les
futures condicions d'onatge al Port de Barcelona, el port més important de la costa catalana i un
HUB logístic per l'àrea del Mediterrani.
S'han considerat tres escenaris de futur i comparat amb la situació del present. El primer escenari
futur no considera cap augment del nivell de mar (nivell mig de mar igual a la mitja del període
1985-2005), però sí un onatge projectat per a l'any 2100, tenint en compte l'escenari RCP8.5 de
l'IPCC. El segon i tercer escenaris futurs consideren el mateix onatge esmentat, però amb un
augment del nivell del mar de 0.88 m i 1.80 m respectivament. Només s'han tingut en compte
les onades que venen d'entre l'est-nord-est i el sud-oest, ja que les altres direccions no tenen un
impacte signiﬁcant al port.
Les onades s'han propagat des d'aigües profundes a l'entrada del port amb un model de propagació
d'onatge de tercera generació (SWAN). Els seus resultats s'han utilitzat com a condicions de contorn
en un altre model més detallat i del tipus Boussinesq (LIMPORT) per obtenir l'agitació dins del
port. Finalment, s'ha determinat l'operativitat del port combinant la informació sobre l'agitació
amb els llindars d'alçada d'ona establerts pels diferents tipus de vaixells que atraquen a cada moll
del port.
Els resultats ﬁnals mostren que l'operativitat del Port de Barcelona no es veurà gaire afectada pel
canvi climàtic. Tot i això, hi ha un augment general de l'alçada d'ona en relació a un increment
del nivell del mar. Això produeix un lleuger augment de la inoperativitat del port en determinats
molls, però aquesta no sobrepassa en cap dels molls el límit recomanat per l'autoritat Puertos del
Estado per a cap dels escenaris.
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1 Introduction
1.1 Context and motivation
Every day, society is more concerned about the evidences of a Climate Change. Much research is
done year by year in order to study this phenomenon and how to dimish its worring consequences
such as the sea level rise (SLR). Even politicians are involved on serious international conferences for
trying to globally reduce the human inﬂuences on the Climate Change. Although global warming
is the most well-known eﬀect together with SLR, atmospheric pressure, wind patterns and wave
climate are being altered as well.
Coastal areas are the most vulnerable zones and their coastal structures have, in general, been
designed for speciﬁc climate conditions that now result to be changing. The sea level rise along
with diﬀerent wave climate conditions could lead to an increase of agitation in some harbours,
conditioning the port operability and its activities. All that could produce an impact on the
economy of the zone as well.
This study pretends to analyse the eﬀects of the Climate Change on the Port of Barcelona, which
is considered to be a basic element of the Catalan and Spanish economy and which is established
as a logistic HUB for the Mediterranean area. Thus, the port accounts for 1.4% of the Gross
Added Value (GDA) and 0.9% of the jobs in Catalonia. For doing so, the two main eﬀects of
Climate Change on coastal processes are taken into account: changes in wave climate and SLR. To
consider the ﬁrst, the Euro-Mediterranean Center on Climate Change (CCMC) provided the UPC
Maritime Engineering Laboratory with the wave climate conditions on a point close to Barcelona,
concerning one of the scenarios deﬁned by the International Panel on Climate Change (IPCC) in
its last assessment report (AR5). For the SLR, two scenarios are considered: one included in the
AR5 and another extracted from the scientiﬁc literature.
1.2 Objectives
The main goal of this study is to analyze the operability of the Port of Barcelona by year 2100
regarding the Climate Change eﬀects, namely changes in wave climate and SLR. To carry out this,
ﬁrst it is necessary to propagate waves from a point in deep waters to the port entrance and then
deﬁne the agitation inside the Port of Barcelona. Once knowing that, obtain the port inoperability
hours, analyse the harbour agitation under present situation and highlight the changes and trends
due to sea level rise and wave climate variation in the future. Therefore, the speciﬁc objectives of
the work are:
 To compare present and future (by year 2100) wave climate.
 To propose plausible future scenarios for comparing present and wave conditions within the
harbour.
 To obtain the wave ﬁeld in the outer port area (for diﬀerent present and future wave conditions
and several scenarios of SLR) using the SWAN numerical model.
 To obtain the wave ﬁeld within the port (for the same wave and SLR conditions than in the
previous point) using the LIMPORT numerical model.
 To compute the inoperability time at the diﬀerent port berths for the diﬀerent proposed
scenarios.
 To compare future and present inoperability time, analyzing if the impact of Climate Change
on the Port of Barcelona operability will be positive or negative.
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1.3 Outline
This study is structured in 6 diﬀerent blocks in order to explain the process followed to achieve
the aforementioned objectives.
Chapter 2 pretends to introduce the reader to the Climate Change phenomenon with a background
overview, pointing out the eﬀects related to sea level rise, waves and ports. Chapter 3 continues
by positioning the Port of Barcelona and giving a brief explanation of the studied area.
Section 4 presents the data and numerical models (SWAN in particular) used for the study de-
velopment. The next chapter explains the methodology followed, divided in three subsections
according to the three steps mentioned: Wave propagation to the port entrance, wave agitation
inside the port and Port Operability. Chapter 6 then shows the results obtained, highlighting the
more relevant trends and behaviours.
Finally, the conclusions are presented in the last section together with a subsection on future work
suggestions.
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2 Background
This study follows the line of some previous studies from the UPC Maritime Engineering Laboratory
(Casas-Prat, 2014; Anguila, 2013; Virgili, 2014; Casanovas, 2014). The main objective in all of them
is to analyse and quantify the eﬀects of Climate Change on coastal areas, including beaches, ports
and coastal structures. In this chapter, there is an overview on Climate Change focusing on the
eﬀects that concern processes analyzed in this study.
2.1 Climate Change overview
Global Climate Changes have occurred over all Earth history. They are a variation on the weather
characteristics that persists for an extended period, typically decades or longer, due to natural
internal processes or external forcings (Pachauri et al., 2014).
One of the evidences that nowadays a new climate change episode is happening, is the global
warming. As many data extracted from the ice cores have proved (NOAA, 2008), temperature
and carbon dioxide concentrations in the atmosphere are directly related (Figure 2.1). Therefore,
it is easy for the scientists to admit that the observed temperature rise is being caused by the
anthropogenic greenhouse gas (GHG) emissions since the beginning of the industrial era, when
fossil fuel combustion started to be the main energy source in the world. As a matter of fact, the
temperature has globally risen about 0.85◦C over the past 30-years (Pachauri et al., 2014).
Figure 2.1: Temperature change (blue) and carbon dioxide change (red) observed in ice core records for the
last 400,000 years. (Source: (NOAA, 2008))
Furthermore, many other Climate Change eﬀects derive from this global warming. The oceans
have absorbed more than 90% of the heat in their 700 m upper surface, which has led to thermal
expansion and an ice mass loss from the Greenland and Antarctic ice sheets and to a decrease
on the sea-ice extent of the Poles. This has caused a rise in mean sea level of 0.19 m in the
last century. Moreover, as the ocean's water gets warmer, it evaporates faster and there is more
moisture in the atmosphere which can alter atmospheric circulation patterns and the hydrological
systems increasing extreme events in some regions and producing heat waves, droughts, ﬂoods,
cyclones and wildﬁres. Other remarkable eﬀects such as glacial retreat in the highest mountains
and an increase on salt concentration and acidiﬁcation of the oceans are a consequence of the
Climate Change as well.
In order to know how all the previously mentioned Climate Change eﬀects are going to develop in
the near future, the International Panel on Climate Change (IPCC) has deﬁned four new scenarios
in the Fifth Assessment Report (AR5) based on the greenhouse gas and aerosol concentrations, to
be used for climate modeling and research (Pachauri et al., 2014). These possible climate futures
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that will substitute the previous Special Report on Emission Scenarios (SRES) deﬁned on the
Fourth Assessment Report (AR4) are called the Representative Concentration Pathways (RCPs).
They represent the radiative forcing target level by year 2100 relative to 1750 (Figure 2.2). This
radiative forcing is the change in energy ﬂux caused by natural or anthropogenic substances and
processes in the Earth-atmosphere system (Stocker et al., 2014). According to (Pachauri et al.,
2014) there are four RCPs:
 RCP2.6 : Stringent mitigation scenario
 RCP4.5 : Intermediate scenario
 RCP6.0 : Intermediate scenario
 RCP8.5 : Very high GHG emissions scenario
Figure 2.2: Radiative forcing of the Representative Concentration Pathways. (Source: (Stocker et al.,
2014))
As it can be seen in Figure 2.2, levels of radiative forcing evolve in a diﬀerent way depending on the
diﬀerent RCPs. By the year 2100, the radiative forcing under the RCP2.6 scenario ends already
declining after having achieved its peak around 2035 and under RCP4.5 gets stabilized, whereas
under RCP6.0 and RCP8.5 it has not achieved a peak yet.
In order to be able to predict and study the eﬀects of Climate Change in a global (planetary)
way, a set of numerical models were developed, the so-called General Circulation Models (GMCs).
They are numerical models which describe the ﬂuid dynamics of the Earth with several diﬀerential
equations. They use a three-dimensional global grid with a resolution of between 250 and 600 km
horizontally and 10 to 20 vertical layers in the atmosphere and sometimes as many as 30 layers
in the oceans (Stocker et al., 2014). However, their resolution is not good enough for modeling
some smaller scale eﬀects. This led to the creation of the Regional Circulation Models (RCMs)
in order to get higher resolutions. The RCMs use GCMs output as boundaries in limited area
models being able to provide a better horizontal resolution of 10 to 25 km (Houghton et al., 2001;
Casas-Prat and Sierra, 2013). RCM output parameters (temperature, pressure, wind speed, etc.)
allow to assess changes in meteorological conditions. These parameters are also used as input for
wave models, whose output is the wave climate and its associated parameters (wave height, period
and direction).
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2.2 Climate Change eﬀects on sea level
One of the more alarming consequences of Climate Change is sea level rise (SLR). It aﬀects the
coastal and low-lying regions of the world which, in turn, concentrate a high proportion of the
total population.
Mass exchange, from the ice sheets to oceans, and thermal expansion, due to the increase of water
volume because of higher temperatures, are the main processes responsible for the SLR. Global
mean sea level will continue to rise during the 21st century with the ranges shown in Figure 2.3
for the period 2081-2100 relative to 1986-2005 (Stocker et al., 2014).
Rise due to thermal expansion represents about 30 to 55% of 21st century gobal mean SLR and
15 to 35% is due to melted glaciers. This rise will not be uniform but it is believed that by the
end of 21st century, more than 95% of the ocean area will have risen.
The AR5 projections suggest a maximum value of 0.98 by 2100 with respect to the period already
mentioned, corresponding to scenario RCP8.5. However, other recent studies suggest much higher
mean SLRs (up to 1.86 m) for 2100 (Jevrejeva et al., 2012; Mori et al., 2013; Sierra et al., 2016).
The AR5 suggested ranges for the mean SLR over the period 2081-2100 (relative to the 1986-2005)
for all RCPs are:
 0.26 to 0.55 m for RCP2.6
 0.32 to 0.63 m for RCP4.5
 0.33 to 0.63 m for RCP6.0
 0.45 to 0.82 m for RCP8.5
Figure 2.3: Projections of global mean sea level rise over the 21st century relative to 1986-2005. (Source:
(Stocker et al., 2014))
2.3 Climate Change eﬀects on waves
Climate Change may alter some of the atmospheric processes leading to change wind patterns and
superﬁcial atmospheric pressures (Weisse and von Storch, 2010). These will then entail important
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changes in wave parameters such as wave height, wave direction and wave period. These changes
in the atmospheric processes are highly conditioned by regional features and therefore they are
better studied on a smaller scale.
Casas-Prat (2014) analyses the eﬀects of climate change on wave climate applied to the Catalan
coast based on atmospheric data from GCMs and RCMs from the 4th IPCC assessment report
(IPCC, 2007). For the next years, the maximum rates of signiﬁcant wave height (Hs) changes
are projected around ±10% for mean conditions and ±20% for extreme climate. The analysis is
divided into seasons because of presenting diﬀerent atmospheric patterns. In reference to the mean
wave climate, while a small decrease of Hs is projected for the Winter, an increase is projected for
the Summer, in the South Catalan coast. Recently, wave climate projections have been obtained
from atmospheric projections made using data from the AR5 (Pachauri et al., 2014). These wave
data are described in Section 4.
2.4 Climate Change eﬀects on ports
As previously exposed in Chapters 2.2 and 2.3, waves and sea level are altered because of the
Climate Change, and they have a direct eﬀect on port operability. For example, changes in Hs and
peak period (Tp) strongly aﬀect process impacting structures as overtopping discharge, stability
and scouring on harbours while changes in direction mainly aﬀect longshore sediment transport.
Therefore, Climate Change has an impact on ports as well (Casas-Prat and Sierra, 2012; Sierra
and Casas-Prat, 2014).
One of the most signiﬁcant eﬀects of Climate Change on ports is a potential increase of harbour
agitation (Sierra and Casas-Prat, 2014; Sierra et al., 2015; Virgili, 2014). Virgili (2014) and Sierra
et al. (2015) conclude that there is a general increase of this harbour agitation in the Catalan
ports located at the northernmost and southermost stretches of the coast, with a more pronounced
increase during the summer period. Climate Change eﬀects can also lead to the siltation of the
port entrance or cause an erosion of the bed generating scour at the quays or the toe of the break-
waters. Other studies (Sierra and Casas-Prat, 2014; Casanovas, 2014; Sierra et al., 2016) remark
the inﬂuence of the SLR on the overtopping discharges increase of the Catalan ports. Finally,
besides all the aforementioned eﬀects, Climate Change can aﬀect the port structure stability as
well (Lebbar, 2014; Sierra and Casas-Prat, 2014).
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3 Description of the study area
The Port of Barcelona is located in the center of the Catalan coast at the north-west of the
Mediterranean Sea, as illustrated in Figure 3.1. Speciﬁcally, it is at 41◦21′N latitude and 2◦10′E
longitude. This area is a microtidal environment, having tides of about 25 cm height.
Figure 3.1: Location of Barcelona Port in the Catalan coastline.
The Catalan coast is characterised for having low-to-medium winds with occasional strong events,
which lead to mild wave conditions with sporadic energetic wave storms. This wave climate can be
referred to as torrential. The signiﬁcant wave height at the region is lower than 1 m in average, but
it can reach up to 6-7.5 m during extreme events associated to a 50-year return period. The mean
duration of wave storms (deﬁned with a threshold of 2 m) is estimated to be below 24 h (Sánchez-
Arcilla et al., 2008). There is a predominance of high waves coming from the East sector, where
the stronger winds and larger fetches coincide (Casas-Prat, 2014). On the other hand, beaches
from Barcelona Coast have granitic sand of 0.2 to 0.8 mm (CIIRC, 2010) and the general direction
of the sediment transport of the whole region is from NE to SW, as shown in Figure 3.2.
Figure 3.2: Longitudinal net transport rates (in thousands of m3/year) estimated for the central coast of
the Barcelona province. The Port of Barcelona is in the lower left corner. (Source:(CIIRC, 2010))
The origins of the Port of Barcelona date back to the XV century, when the city of Barcelona needed
the construction of a secure port for vessels. The Port has lived through four large extensions in
years 1860, 1900, 1965 and the last one in 2003. All of them meant almost the duplication of the
land area, however, the last expansion deserves to be highlighted for the complexity involved in it.
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The Llobregat Delta was diverted and the river mouth was relocated 2 km to the South so as to
permit a future expansion of the Port of Barcelona from 558 ha to 1,265 ha. Figure 3.3 shows the
Port evolution for the last 50 years.
Figure 3.3: Port evolution from the last 50 years. (Source: (Port, 2015))
The actual Port management is responsibility of the public organization Barcelona Port Authority.
In the ﬁrst half of 2014 the port was considered the third European Port in terms of productivity.
It also stands out for dealing with important logistic activities and being a center of nautical
activity as well as for having been awarded with the Eﬃciency Network quality label. Moreover,
Barcelona highlights as an European cruise capital, having about 3.5 milion passengers using the
port throughout the year (BPA, 2015). These ﬁgures can be found in Table 3.1 extracted from
(BPA, 2015) as well as some other important traﬃc volumes of the Port. Even though the majority
of berths are potentially comercial, a ﬁshing berth still remains inside the Port. The Port also
stands out for having the ﬁrst semi-automated container terminal known as Barcelona Europe
South Terminal (BEST).
Table 3.1: Total Traﬃc Volume from the last two years, 2013 and 2014. (Source: (BPA, 2015))
Monthly accumulated
Total traﬃc 2013 2014 %
Total throughput (t) 41,537,203 45,313,911 9.1
Food supplying 1,040,382 1,030,429 -1.0
Fishing 2,594 2,514 -3.1
TOTAL TRAFFIC (t) 42,580,180 46,346,854 8.8
TEU 1,722,296 1,893,299 9.9
Vessels (units) 7,736 7,822 1.1
Passengers (units) 3,628,359 3,459,795 -4.6
Automobiles (units) 705,876 748,394 6.0
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The Port's current land area is over 1,000 ha with 22.3 km berthing length with a draught of up
to 16 m. It is provided with 30 ro-ro ramps, 37 wharf cranes and it has about 500 ha of openned
warehousing and 20 ha covered (BPA, 2015). It is divided in 12 sectors (Figure 3.4) regarding
diﬀerent services or terminal uses. There are two Logistic Activity Zones (ZP and ZB), three
container sectors (S12, S6 and S4), one Energy sector (S8), two passenger sectors (S1 and PV),
one vehicles sector (S7), two liquid and solid bulk sectors (S5 and S3) and one railway sector (S11).
Figure 3.4: Port sectors distribution. (Source:(Port, 2015))
This study considers the berth distribution of the preceding study (Anguila, 2013) which deﬁnes
21 zones that represent small groups of berths with the same type of activity and similar features.
In these zones, only comercial berths with a berthing line longer than 35 m are considered. In
Table 3.2, the aforementioned classiﬁcation is shown and in Figure 3.5 it is possible to see their
position inside the port.
Figure 3.5: Location of the zones considered for this study. (Source: (Anguila, 2013))
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Table 3.2: Berths classiﬁcation used in this study and their use. (Source: (Anguila, 2013))
Zone Berths Length (m) Depth (m) Uses
1 00A 480 16.0 General Cargo and Bulk Cargo
2 01D 500 12.0 General Cargo
3 01D, 01E 1368 11.9 Cruise Ships and Ocean Liners
4 15B 310 8.6 Small Cruise Ships and Yachts
5 17B, 18A 634 7.5 Ferries
6 18B 160 9.5 Passengers
7 18C, 19A, 19B, 20A 1388 9.8 Ferries
8 20B, 20C 374 8.7 General Cargo
9 20D, 21A, 22A 850 11.2 Ferries
10 22B 241 10.8 Bulk Cargo
11 22C 419 12.0 Bulk Cargo
12 23A 198 12.0 Bulk Cargo
13 24A, 24B 1362 14.0 Container Terminal
14 26A 350 12.0 Oil Products
15 26A 460 12.0 General Cargo
16 27A, 27B, 28B 348 8.0 Ro-Ro
17 29A 1096 11.0 Container Terminal
18 30A, 30B 258 8.0 Ro-Ro
19 30B, 30C, 31A, 31B, 31C 997 9.3 Ro-Ro
20 32 1190 12.0 LNG and LPG Terminal
21 TERCAT 1500 11.7 ContainerTerminal
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4 Data and models used
This chapter presents a description of the input data used for this study. This includes bathymetry,
wave climate and diﬀerent sea levels to consider the eﬀect of climate change. Moreover, there is a
brief description of the SWAN and LIMPORT models, as one of the objectives of this project is
the propagation of waves using this software.
4.1 Bathymetry
Wave behavior is strongly dependent on water depth, which is directly related to the bottom level.
When the ratio of depth over wavelength is higher than 0.5 (deep water) bottom friction does not
aﬀect wave behaviour, whereas when it is lower than 0.5 (intermediate and shallow water) waves
feel the bottom.
The bottom information of the studied area is given by the bathymetry, which is obtained from
nautical charts from the Instituto Hidrograﬁco de la Marina with a resolution of 200 m x 200 m.
In Figure 4.1 the location of the bathymetry is highlighted with a yellow square where each vertex
has the following coordinates in UTM 31N system: A (407807.09, 4573657.50), B (446778.23,
4596157.50), C (457778.23,4577104.94) and D (418807.09, 4554604.94).
Figure 4.1: Location of the bathymetry data.
4.2 Waves
The wave climate data used for this study was produced by the Euro-Mediterranean Center on
Climate Change (CCMC). It was based on the RCP8.5 scenario (see Section 2.1) and calculated
using the numerical model WAM with a resolution of 0.25 x 0.25 degrees. They obtained the wave
climate parameters for several points of the Catalan coast, highlighted in Figure 4.2. Speciﬁcally,
results from the node with coordinates 41.25◦N 2.25◦E are the ones used for this study, as it is
the closest one to the Port of Barcelona. The position of this node, called P from now on, is shown
in Figure 4.1.
Wave information for each node consists of signiﬁcant wave height (Hs), wave direction and peak
period (Tp). These information is concentrated in Hs and Tp intervals for each direction, obtaining
the frequency of occurrence for each interval. This information, except from the Tp, is summarized
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Figure 4.2: Grid from WAM with the data points of the Catalan coast highlighted in green. (Source:CCMC)
in the form of wave roses. Wave roses for the present and future situations at node P are shown
in Figures 4.3a and 4.3b. Next, the frequencies of occurrence for both situations are presented
in Tables 4.1a and 4.1b . Due to the port orientation, there have only been taken into account
incoming waves from E-NE to SW as the other directions will not have any signiﬁcant impact on
the port.
(a) Wave rose from period 1986-2005 for the present
situation.
(b) Wave rose from period 2081-2100 for the future situ-
ation.
Figure 4.3: Wave roses of node P.
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Table 4.1: Frequencies of occurrence (%) elaborated from CCMC data.
(a) Present situation (period 1986-2005).
Hs\Direction E-NE E E-SE SE S-SE S S-SW SW
0 < H < 1 17.28 11.75 10.93 12.53 5.25 7.35 14.78 3.19
1 < H < 2 0.65 1.30 1.54 0.51 0.20 0.36 2.56 0.73
2 < H < 3 0.16 0.34 0.31 0.02 0.02 0.03 0.45 0.05
3 < H < 4 0.02 0.08 0.03 0.01 0 0 0.06 0
H > 4 0 0.03 0.04 0 0 0 0.02 0
Sum 18.11 13.49 12.85 13.06 5.48 7.74 17.87 3.98
(b) Future situation (period 2081-2100).
Hs\Direction E-NE E E-SE SE S-SE S S-SW SW
0 < H < 1 18.98 12.57 13.40 14.43 4.49 5.35 11.12 2.56
1 < H < 2 0.72 1.53 1.83 0.73 0.20 0.35 2.72 0.65
2 < H < 3 0.17 0.41 0.38 0.05 0.01 0.01 0.41 0.04
3 < H < 4 0.02 0.09 0.10 0 0 0.00 0.06 0
H > 4 0.00 0.02 0.04 0 0 0 0.01 0
Sum 19.88 14.62 15.76 15.21 4.71 5.71 14.32 3.24
4.3 Sea level
Sea level is a fundamental parameter to considerate for the computations. The sea level at the
present situation is considered as the base level for this study. However, when talking of the future
situation, diﬀerent sea levels (Section 2.2) must be taken into account.
According to (Sierra et al., 2016), two extreme scenarios of SLR have been considered, besides the
present conditions, to study the wave climate parameters. The ﬁrst one corresponds to an extreme
scenario based on RCP8.5. Several authors (Hinkel et al., 2015) consider that, from a coastal risk
management viewpoint, it is better to use the upper tail end rather than the central distribution
of the projections. For the RCP8.5, as shown in Figure 2.3, the upper band of SLR in 2100 is 0.98
m. In addition, AR5 projections indicate that SLR in the Mediterranean Sea will be slightly lower
than the global average SLR, up to a 10 % less. The second one corresponds to a high-end scenario
representative of very extreme SLR, physically feasible although with a very low probability of
occurrence. Based on these considerations the future scenarios considered in this study are:
 Scenario 1: Base level (present conditions, 1986-2005)
 Scenario 2: RCP 8.5 (Base level + 0.88 m)
 Scenario 3: High-end scenario (HES, Base level + 1.80 m)
4.4 SWAN model
For the propagation of waves, two wave models need to be used as diﬀerent wave eﬀects have to be
taken into account. From seawards to the port entrance, shoaling and refraction eﬀects are relevant
while from the port entrance to each of the berths, reﬂection and diﬀraction are also important.
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According to this, for the ﬁrst propagation the SWAN model is used and for the second propagation
is used the so-called LIMPORT model, brieﬂy explained in Section 4.5.
SWAN (Simulating WAves Nearshore) is a third-generation wave model for obtaining realistic esti-
mates of wave parameters in coastal areas, lakes and estuaries from given wind, bottom and current
conditions. The model can be associated to other wave models such as WAM or WAVEWATCH
III. These ones have not been considered for this study as they have been designed speciﬁcally for
ocean applications whereas SWAN is more eﬃcient for coastal scales even though it could also be
used on larger scales (SWAN Team, 2006).
For this research, SWAN is used for propagating the waves from node P to the entrance of the
port. This could also be done with Linear Theory (Anguila, 2013) but with SWAN it is possible
to consider more factors such as non-linearity, wave spectra, a complex bathymetry, etc.
4.4.1 Theoretical basis
SWAN simulations are based on wave spectra. The oscillation of the sea surface at a certain point
cannot be represented by the typical sinusoidal function, and therefore, it needs to be considered
as an irregular wave ﬁeld. This irregular wave ﬁeld can be approximated by a sum of several
regular waves, with diﬀerent periods and directions, represented in a so-called wave spectrum. It
shows the distribution of the energy density (E = E(σ, θ)) over frequencies (σ) and propagation
directions (θ).
The energy density is directly related to wave height (H) with the Equation 4.1, where ρ is the
water density and g is the gravity. Therefore, it is possible to describe the fundamental wave
parameters (Hs, Tp, θ) with a spectrum.
E =
1
8
ρgH2 (4.1)
The wave action density (N) is deﬁned as Equation 4.2 and is conserved during propagation in the
presence of ambient currents, whereas energy density E is not (Booij et al., 1999).
N =
E
σ
(4.2)
The SWAN model is based on the wave action balance equation with sources and sinks,
∂N
∂t
+
∂cxN
∂x
+
∂cyN
∂y
+
∂cθN
∂θ
+
∂cσN
∂σ
= S(x, y, t, θ, σ) (4.3)
since wave action is a conserved quantity in absence of wave generation and dissipation.
On the left hand side of the equation, the ﬁrst term represents the kinematic part. The second
and third terms denote the propagation of wave energy in space. The fourth term, represents the
depth-induced and current-induced refraction and the last term represents the eﬀect of shifting of
the radian frequency due to variations in depth and mean currents. The quantities cx and cy are
the propagation velocities in geographical space, whereas cθ and cσ are the propagation velocities
in spectral space (σv, θ) (Booij et al., 1999).
On the right hand side of the equation, there is the source/sink term that represents all physical
processes which generate, dissipate, or redistribute wave energy. In shallow water, six processes
contribute to generate the source and sink term, wave growth by the wind, nonlinear transfer of
wave energy through three-wave and four-wave interactions and wave decay due to whitecapping,
bottom friction and depth-induced wave breaking (Booij et al., 1999).
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4.4.2 Numerical scheme
This section pretends to give just a general overview of the numerical scheme used by SWAN. The
details for all the concepts mentioned can be ﬁnd in (Booij et al., 1999; SWAN Team, 2015).
Third-generation wave models allow the wave spectra to develop freely without any imposed shape.
This causes a numerical diﬃculty due to the presence of multiple time scales associated to all the
wave frequencies that need to be modeled. In order to correctly compute the high frequency waves,
a very small time step is required. Such a small time step increases signiﬁcantly the computational
cost. To reduce this computational cost, SWAN uses an approach called frequency-dependent
under-relaxation.
Discretization of the wave action balance equation 4.3 is done using the ﬁnite diﬀerence method
with a time discretization using the implicit Euler technique. For discretization in geographical
space, SWAN uses a rectangular grid with constant mesh size ∆x and ∆y. The default scheme
for stationary computations is the second order SORDUP scheme. However, close to boundaries
SWAN uses the BSBT scheme (ﬁrst order, backward space, backward time) because it is more
compact. BSBT has more difussion (less accuracy) but this is not a problem because it is only
used in small distances. Finally, discretization in the spectral space is done in equal intervals for
the direction (∆θ), with a logarithmic scale of frequencies (∆σ/σ) and is computed using a hybrid
central/upwind scheme.
4.4.3 Limitations
SWAN has two main limitations, which ara related to the phenomena of diﬀraction and wave-
induced currents (Booij et al., 1999).
Diﬀraction requires considerable computing eﬀort. To avoid this, SWAN uses a phase-averaged
approach to simulate it. This approach, however, does not properly handle diﬀraction in harbours
or in front of reﬂecting obstacles.
SWAN does not calculate wave-induced currents. For this reason, wave induced set-up in 2D cases
are computated using approximate equations. If needed, the wave-induced currents can be given
as external currents.
4.5 LIMPORT model
The theoretical basis of LIMPORT is brieﬂy explained in this section. A more detailed explanation
can be found in (Sierra et al., 1988; Virgili, 2014).
LIMPORT considers the following assumptions:
 Newtonian and isotropic ﬂuid
 Incompressible ﬂuid
 Existance of a vertical acceleration caused by a linear increase of the vertical velocity from
bottom to surface.
 The following equation is satisﬁed: d/L 1 (d: depth and L: wavelengh)
The model solves the equations for conservation of mass and conservation of momentum. The
conservation of mass is considered with the Equation 4.4, where η is the free surface elevation and
p and q are the ﬂow per width in x and y directions respectively.
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∂η
∂t
+
∂p
∂t
+
∂q
∂t
= 0 (4.4)
Conservation of mass under the eﬀect of superﬁcial and mass forces is given by Newton's second
law, as expressed in Equation 4.5.
F4t = m4v (4.5)
Developing this law, the Navier-Stokes equations are obtained and from them, the Long Waves
equations, that derive in the Boussinesq Equations 4.6 and 4.7,
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The Boussinesq equations have a large range of application with very good approaches for short
waves of up to d/L < 0.14.
Discretization is done using the ﬁnite diﬀerence method with the Abbott scheme, implicit, centered
and with double sweeping.
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The criteria that determines the operability of the Port of Barcelona basins is the value of the
signiﬁcant wave height. This chapter explains how to obtain this Hs at each one of the berths from
the available data presented in Chapter 4.
Wave propagation needs to be simulated in two steps because of the diﬀerent wave propagation
phenomena being relevant while getting closer to the coast. First, shoaling and refraction prevail
over other eﬀects while at the proximity and inside the port also difraction and reﬂection are
important. For this reason, two diﬀerent numerical models are used. Once the Hs is known at the
basins, this value have to be compared with those that deﬁne port operability conditions.
5.1 Wave propagation to the port entrance
In order to know the wave parameters of the required points at the port entrance, the numerical
model chosen to use is SWAN. In the following subsections, there are exposed all the parameters
taken into account, as well as the commands used to deﬁne them. Then, in Chapter 5.1.5 there is
a brief explanation of how to use the model.
All locations and distances are deﬁned using the Cartesian coordinate system. However, the
Nautical convention is used when deﬁning wave directions (North corresponding to 0◦).
According to the three diﬀerent future scenarios previously mentioned, it is required to specify the
sea level in each case. When there is no sea level command speciﬁed in the input ﬁle it means that
it is considered the default value of 0 m. Moreover, in order to simplify computations it has been
decided to rotate the bathymetry 60 degrees counterclockwise as shown in Figure 5.1.
5.1.1 Computational grid
The size of the computational grid is deﬁned to be the same as the bathymetry, with 22,000 m in
x-direction and 45,000 m in y-direction. The location of the origin of the computational grid in
the problem coordinate system is (0,0). With a cell size of 200 m x 200 m the computational grid
is divided in 110 cells in x-direction and 225 in y-direction.
The computational grid is deﬁned with the command CGRID. This command has the same settings
in all 2D computations done for this study. There is a subcommand CIRCLE which deﬁnes the
directional spectrum. The minimum and maximum frequencies are 0.05 Hz and 1 Hz respectively.
The number of frequencies established is 30 and the number of directions considered is 36.
5.1.2 Bathymetry
An input grid of the bottom level is required. The bathymetry is entered with a grid of 22,000 m
in x-direction and 45,000 m in y-direction. The origin of the input grid, the meshes and their size
are equal to the computational grid.
The land located above mean sea level is deﬁned with bathymetric negative values.
The input grid is deﬁned with the command INPGRID. This command will persist with the same
values in all computations done for this study. Then, with the command READINP it is possible to
read the bathymetry ﬁle.
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Figure 5.1: Bathymetry rotated 60º to the left.
5.1.3 Boundary conditions
Four boundary conditions are speciﬁed for the numerical model, one for each side of the computa-
tional domain. There are three diﬀerent kinds of boundary conditions:
 Land boundary: Located at the left side of the bathymetry. SWAN considers by default that
land absorbs all incoming wave energy as it does not generate waves.
 Seaward boundary: Located at the right side of the domain. The wave climate conditions at
node P are assumed along all the boundary. According to Chapter 4 there are 40 diﬀerent
cases for the present situation plus 40 more cases for each of the three future situations. In
total, 160 cases to be studied in this research.
 Lateral water boundaries: Located at the upper and lower sides of the bathymetry. No
wave conditions are known along these two sides. The following section explains the process
followed to obtain the wave parameters needed.
As explained in Chapter 4.4.1 SWAN works with wave spectra. The shape of the spectrum used
is deﬁned with the command BOUNDPAR1 SHAPESPEC. There is no knowledge of the distribution
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of the spectrum as only the values of the Tp and Hs are available, as described in Chapter 4.2.
Therefore, a rather uniform wave ﬁeld is assumed using a Gaussian-shaped spectrum with a small
standard deviation of 0.01 Hz.
Boundary conditions are deﬁned with the command BOUNDPAR2. In consonance with the preceding
classiﬁcation, each of the cases requires three BOUNDPAR2 commands, one for the seaward boundary
and the other two for the lateral water boundaries. Land is identiﬁed by SWAN directly from the
bathymetry so there is no need to deﬁne any additional boundary.
As it is not possible to enter wave directions by sectors or intervals, at Table 5.1 the direction
values used for the computations are deﬁned. For the same reason, Table 5.2 shows the Hs values
representative of the ranges deﬁned in Tables 4.1a and 4.1b with the Tp associated according to
present and future scenarios.
Table 5.1: Wave direction sectors used for computations with SWAN.
Direction Angle range Mean angle Mean angle for computation (-60◦)
E-NE 56.25◦ - 78.75◦ 67.5◦ 7.5◦
E 78.75◦ - 101.3◦ 90◦ 30◦
E-SE 101.3◦ - 123.8◦ 112.5◦ 52.5◦
SE 123.8◦ - 146.3◦ 135◦ 75◦
S-SE 146.3◦ - 168.8◦ 157.5◦ 97.5◦
S 168.8◦ - 191.3◦ 180◦ 142.5◦
S-SW 191.3◦ - 213.8◦ 202.5◦ 142.5◦
SW 213.8◦ - 236.3◦ 225◦ 165◦
Table 5.2: Signiﬁcant wave height (Hs) and peak period (Tp) used for the computations with SWAN.
Present Future
Hs (m) Tp (s) Tp (s)
0.5 4.8 4.7
1.5 7.0 6.9
2.5 8.2 8.3
3.5 9.2 9.3
4.5 9.9 10.2
Lateral water boundary conditions
Some tests have been done to see how boundary conditions may aﬀect the results in the needed
points at the port entrance. All tests have been run with the same seaward boundary conditions
with a wave direction of 165◦, Hs of 3.5 m and Tp of 9.2 s. In Figure 5.2 the results obtained in
each tests can be observed.
Firstly, no wave conditions have been given to SWAN for the lateral water boundaries. With this,
SWAN assumes that no waves enter the area and that waves can leave the area freely (SWAN
Team, 2006). The results show a roughly triangular region clearly aﬀected for having no boundary
conditions at the lower lateral boundary. The lack of boundary conditions acts as if a hard border
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(e.g. a breakwater) was placed there, generating spurious diﬀraction eﬀects. The errors are only
manifested at the lower boundary because of the angle chosen for the wave direction. Therefore,
with these boundary conditions some errors may propagate to the points where wave parameters
must be obtained in order to be used as an input for the LIMPORT model.
Secondly, it has been assumed a constant wave ﬁeld along the lower lateral boundary with the
same climate wave conditions as the seaward boundary. The triangular area clearly aﬀected in the
previous test has been eliminated. However, some alterations are still observed in this case.
Finally, it has been decided to run a 1D version of SWAN model in order to obtain wave parameters
for the lower lateral boundary. For the 1D computation, the incoming wave considered has the
same characteristics as the seaward boundary. The results obtained show less alterations and
therefore, this process is assumed as the best way to deﬁne the lateral water boundaries in this
study.
4.0 m
0.0 m
2.0 m
1.0 m
3.0 m
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N
5 km
Figure 5.2: Hs results from SWAN propagation. The ﬁrst image has no boundary conditions deﬁned at the
lower lateral boundary. The second image has a constant wave ﬁeld along the lower lateral boundary. The
last image has the results from the 1D computation as wave parameters for the lower lateral boundary.
In order to reduce 1D computations, the following considerations have been assumed. When there
are no waves entering the domain through one of the lateral boundaries, this one can be assumed
to be a free boundary. This is the case of waves coming from directions S, S-SW, SW for the upper
lateral boundary and E-NE, E, E-SE for the lower lateral boundary. Waves coming from SE and
S-SE need to be taken into account from both lateral boundaries due to the fact that SWAN is
based on spectra with directional dispersion. This means that waves could enter the domain from
both lateral boundaries.
5.1.4 Output requests
The aim of the computations with SWAN for this study is to obtain the fundamental wave param-
eters at the port entrance between the coordinates (12000, 19600) m and (12000, 22800) m. Data
is obtained every 200 m (i.e. at each computational point).
The points are deﬁned with the command CURVE and the wave climate characteristics are requested
with the command TABLE.
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5.1.5 General use of SWAN & Batch Process
The purpose of this section is to give an overview of the use of the SWAN model software. The
program is started from a DOS box, it reads an input ﬁle, runs the computations and gives the
results in diﬀerent output ﬁles. The main task is to generate the input ﬁle as extensively described
in the manual (SWAN Team, 2006). A Graphical User Interface (GUI), is also freely available.
Using this GUI makes the input ﬁle generation more interactive. All data required for doing such
ﬁle for this study, has already been described throughout Chapter 5.1.
Each simulation needs to be done in separate directories. Inside them there have to be the input
ﬁle, the bathymetry ﬁle and any other additional data ﬁle, such us complex boundary conditions.
SWAN itself is not able to change directories and this has to be done manually. Therefore, due to
the amount of computations (160 cases of 2D computations and 220 cases of 1D computations) it
has been decided to use a batch ﬁle to automate this process.
After having a directory for each of the cases prepared with the required ﬁles, the batch ﬁle
described below, enters the directory of case1(ﬁrst line), executes swan (second line), exits the
directory (third line), and enters the next directory (fourth line) repeating the process.
cd case1
call runswan.bat case#
cd ..
cd case2
call runswan.bat case#
cd ..
[...]
5.2 Wave agitation inside the port
As initially exposed, the second step is to propagate the waves from the port entrance towards the
diﬀerent berths. This is simulated with the LIMPORT model, which is based on the Boussinesq
equations (Sierra et al., 1988).
First of all, it is necessary to distinguish the basins that are going to be taken into account. The
deﬁnition of the basins for this study is shown in Table 3.2 and the criteria followed are the same as
in (Anguila, 2013) that only considers commercial wharves, as they are the most representative, and
integrates those with the same port activity and similar conditions (type of vessel, bathymetry...).
Moreover, berths with a length lower than 35 m are not considered.
Then, with LIMPORT, it is possible to obtain the wave heights at each point of a mesh that covers
all the port. Consequently, the representative wave heights at each of the berths considered at the
Port of Barcelona are obtained.
The wave height used to compare and determine the port operability conditions, needs to be a
representative value of the Hs obtained in the basin berthing surface. Therefore, in order to take
into account the possible existence of outliers and considering that the average Hs would give a
too low value, the representative value considered is the Hs from percentile 90, H90.
5.3 Port operability conditions
Results from LIMPORT model give a series ofH90, all of them associated with a diﬀerent frequency
of occurrence, for each berthing area. The frequencies of occurrence at the berths are the same as
in Chapter 4.2 for node P because wave conditions are propagated individually. With this data it
is possible to ﬁnd the number of hours of inoperability at the berthing areas. Highlight that in the
following chapters the word berth is used making reﬀerence to the berth zones already deﬁned in
Chapter 3.
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Port operability conditions in Spain are described in Puertos del Estado recommendations (EPPE,
2000). It deﬁnes the threshold to load and unload boats related to climate conditions. Speciﬁcally,
there are three limiting climate conditions, wind and ﬂow absolute velocities and wave height.
For this study only the agitation value with the wave height is considered. Table 5.3 shows the
operability threshold Hs according to the vessels that operate at each berth, mentioned in Table
3.2. Then, it is possible to obtain the threshold Hs at each berthing area, which is shown in Table
5.4.
Table 5.3: Wave height threshold for operability of diﬀerent types of vessels. Longitudinal (Transversal)
refers to waves which direction is between 45º left or right from the vessel longitudinal (transversal) axis.
Source: (EPPE, 2000)
Vessel type
Signiﬁcant wave height Hs (m)
Longitudinal Transversal
Oil Tankers 1.5 1.0
Bulk Carriers
Loading 1.5 1.0
Unloading 1.0 0.8
Liqueﬁed Gas Tankers (LNG, LPG) 1.2 0.8
General Cargo, Fishing and Fish Processing Vessels 1.0 0.8
Container Carriers, Ro-Ro and Ferries 0.5 0.3
Cruise Ships and Ocean Liners 0.5 0.3
Coast Fishing Vessels 0.6 0.4
The following step is to calculate the over-threshold frequency, in other words, the total time
that the threshold wave height of a berth is exceeded. This is the sum of all the frequencies of
occurrence from the waves that exceed the threshold at the diﬀerent basins. This value can be
directly converted in hours per year of inoperability.
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Table 5.4: Berthing classiﬁcation used in this study and their use.
Zone Uses Wave Height Threshold
Longitudinal Transversal
1 General Cargo and Bulk Cargo 1.0 0.8
2 General Cargo 1.0 0.8
3 Cruise Ships and Ocean Liners 0.5 0.3
4 Small Cruise Ships and Yachts 0.5 0.3
5 Ferries 0.5 0.3
6 Passengers 0.5 0.3
7 Ferries 0.5 0.3
8 General Cargo 1.0 0.8
9 Ferries 0.5 0.3
10 Bulk Cargo 1.0 0.8
11 Bulk Cargo 1.0 0.8
12 Bulk Cargo 1.0 0.8
13 Container Terminal 0.5 0.3
14 Oil Products 1.5 1.0
15 General Cargo 1.0 0.8
16 Ro-Ro 0.5 0.3
17 Container Terminal 0.5 0.3
18 Ro-Ro 0.5 0.3
19 Ro-Ro 0.5 0.3
20 LNG and LPG Terminal 1.2 0.8
21 Container Terminal 0.5 0.3
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6 Results and Discussion
This chapter presents all results obtained following the methodology already described. The fol-
lowing three sub-sections show the results related with the three main steps mentioned in 5.
Representative values for each step are given in tables. In addition, images and charts are also
given to better understand some observations.
6.1 Wave propagated to the port entrance
As explained in Chapter 4.4.1 SWAN works with wave spectra, which means a lot of output values
that need to be synthesized. Therefore, for this study only the signiﬁcant wave height, the peak
period and the dominant direction are requested for the LIMPORT computations. Table 6.1 shows
the average results of all points obtained for LIMPORT.
Table 6.1: Wave parameters average at the port entrance line.
Initial parameters Present Future Future (+0.88) Future (+1.80)
Dir Hs (m) Hs (m) Tp (s) Dir (◦) Hs (m) Tp (s) Dir (◦) Hs (m) Tp (s) Dir (◦) Hs (m) Tp (s) Dir (◦)
E-NE
0.5 0.44 4.9 12.0 0.44 4.9 12.0 0.44 4.9 12.0 0.44 4.9 12.1
1.5 1.30 6.7 12.4 1.30 6.7 12.4 1.30 6.7 12.3 1.30 6.7 12.3
2.5 1.96 8.1 13.8 1.94 8.1 14.0 1.96 8.1 13.8 1.97 8.1 13.7
3.5 2.42 9.0 16.1 2.39 9.0 16.3 2.42 9.0 16.1 2.45 9.0 15.9
4.5 2.84 9.9 18.2 2.75 9.9 19.1 2.78 9.9 18.8 2.82 9.9 18.6
E
0.5 0.50 4.9 30.0 0.49 4.9 30.0 0.49 4.9 30.0 0.49 4.9 30.0
1.5 1.49 6.7 30.2 1.49 6.7 30.1 1.49 6.7 30.1 1.49 6.7 30.1
2.5 2.41 8.1 30.7 2.41 8.1 30.8 2.41 8.1 30.7 2.42 8.1 30.7
3.5 3.25 9.0 31.6 3.23 9.0 31.7 3.25 9.0 31.6 3.26 9.0 31.5
4.5 4.01 9.9 32.5 3.95 9.9 32.9 3.96 9.9 32.8 3.98 9.9 32.7
E-SE
0.5 0.50 4.9 52.5 0.49 4.9 52.5 0.49 4.9 52.5 0.49 4.9 52.5
1.5 1.49 6.7 52.5 1.49 6.7 52.5 1.49 6.7 52.5 1.49 6.7 52.5
2.5 2.46 8.1 52.6 2.46 8.1 52.7 2.46 8.1 52.6 2.46 8.1 52.6
3.5 3.40 9.0 52.8 3.39 9.0 52.9 3.40 9.0 52.9 3.40 9.0 52.8
4.5 4.31 9.9 53.1 4.29 9.9 53.2 4.29 9.9 53.1 4.30 9.9 53.1
SE
0.5 0.50 4.9 75.0 0.49 4.9 75.0 0.49 4.9 75.0 0.49 4.9 75.0
1.5 1.49 6.7 75.0 1.49 6.7 75.0 1.50 6.7 75.0 1.50 6.7 75.0
2.5 2.47 8.1 74.9 2.46 8.1 74.9 2.47 8.1 74.9 2.47 8.1 74.9
3.5 3.40 9.0 74.8 3.40 9.0 74.8 3.40 9.0 74.8 3.41 9.0 74.8
4.5 4.32 9.9 74.7 4.31 9.9 74.7 4.31 9.9 74.7 4.32 9.9 74.7
S-SE
0.5 0.50 4.9 97.5 0.49 4.9 97.5 0.49 4.9 97.5 0.49 4.9 97.5
1.5 1.49 6.7 97.4 1.49 6.7 97.5 1.50 6.7 97.5 1.50 6.7 97.5
2.5 2.46 8.1 97.2 2.46 8.1 97.2 2.46 8.1 97.2 2.47 8.1 97.3
3.5 3.40 9.0 96.8 3.39 9.0 96.8 3.39 9.0 96.8 3.40 9.0 96.9
4.5 4.30 9.9 96.4 4.28 9.9 96.2 4.29 9.9 96.3 4.30 9.9 96.3
S
0.5 0.50 4.9 120.0 0.49 4.9 120.0 0.49 4.9 120.0 0.49 4.9 120.0
1.5 1.49 6.7 119.9 1.49 6.7 119.9 1.49 6.7 119.9 1.49 6.7 119.9
2.5 2.45 8.1 119.4 2.45 8.1 119.3 2.45 8.1 119.4 2.45 8.1 119.4
3.5 3.36 9.0 118.5 3.35 9.0 118.4 3.36 9.0 118.5 3.36 9.0 118.6
4.5 4.23 9.9 117.7 4.20 9.9 117.3 4.21 9.9 117.4 4.22 9.9 117.5
S-SW
0.5 0.50 4.9 142.5 0.49 4.9 142.5 0.49 4.9 142.5 0.49 4.9 142.5
1.5 1.47 6.7 141.8 1.47 6.7 141.9 1.48 6.7 141.9 1.48 6.7 142.0
2.5 2.36 8.1 140.5 2.36 8.1 140.4 2.36 8.1 140.5 2.37 8.1 140.6
3.5 3.17 9.0 138.8 3.16 9.0 138.6 3.17 9.0 138.8 3.18 9.0 138.9
4.5 3.93 9.9 137.2 3.88 9.9 136.5 3.90 9.9 136.7 3.92 9.9 137.0
SW
0.5 0.45 4.9 161.8 0.45 4.8 161.9 0.46 4.8 162.1 0.46 4.8 162.2
1.5 1.21 6.7 158.8 1.21 6.7 159.0 1.22 6.7 159.1 1.23 6.7 159.2
2.5 1.79 8.1 156.4 1.78 8.1 156.1 1.80 8.1 156.4 1.82 8.1 156.6
3.5 2.26 9.0 153.3 2.24 9.0 152.9 2.26 9.0 153.3 2.29 9.0 153.6
4.5 2.71 9.9 150.7 2.65 9.9 149.5 2.68 9.9 149.9 2.71 9.9 150.3
It is always important to check if the results of a numerical model are reasonable. To check the
wave propagation results of SWAN, Figures 6.1 and 6.2 are useful to reveal the wave propagation
eﬀects in deep water. For example, in Figure 6.1 the refraction eﬀect is discerned. Waves coming
from directions E-NE and SW clearly show a larger variation of direction, which is the expected
behaviour. Initially, these waves have a more oblique angle of incidence and due to the refraction
eﬀect, the wave fronts tend to turn more parallel to the coast, progressively changing the wave
propagation direction when they get closer to the coast.
6 Results and Discussion 25
Figure 6.1: Absolute value of the diﬀerence of propagation direction between the initial conditions (at the
seaward boundary) and at the port entrance from SWAN averaged results for the present situation. Initial
wave heights are shown in colours.
In Figure 6.2 it is possible to observe that waves with an initial angle of incidence more perpen-
dicular to the coast tend to reduce less their wave height. This is because they have less distance
to travel and feel the depth for the shoaling eﬀects.
Figure 6.2: Hs (m) averages obtained from SWAN for the present situation at the port entrance. The initial
wave heights are shown in colours.
Figures 6.3 and 6.4 show some plots of the waves propagated with SWAN.
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Direction: E-NE Direction: SE 
4.0 m
0.0 m
2.0 m
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Direction: S Direction: SW 
N
5 km
Figure 6.3: Hs results from SWAN considering an inital Hs of 3.5 m and four diﬀerent initial directions
for the present situation.
6 Results and Discussion 27
Present Future, SLR = 0.0 m
4.0 m
< 1.0 m
2.5 m
1.75 m
3.25 m
Hs
Future, SLR = 0.88 m Future, SLR = 1.80 m 
N
5 km
Figure 6.4: Hs results from SWAN for the four scenarios considering an initial Hs of 3.5 m in E-NE
direction.
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6.2 Wave agitation inside the port
The main wave parameter obtained with LIMPORT is the signiﬁcant wave height (Hs). In Figures
6.5 and 6.6, the Hs at every point of the Port of Barcelona area, according to the present and
future with a SLR = +1.80 m scenarios, can be observed. Tables 6.2 to 6.5 show the H90 values at
each berth. In order to make the tables easier to analyse, cell backgrounds are colored according
to their value, from blue (lower) to red (higher).
Berth 21 clearly stands out for having the highest H90 in all studied scenarios and in particular for
directions SE, S-SE and S. For these directions, waves penetrate within the harbour through the
southern mouth reaching berth 21 after being reﬂected in other docks. As seen in the mentioned
Tables 6.2 to 6.5, the highest H90 correspond to the highest initial Hs, as could be expected, and
waves with an initial direction coming from between South and E-SE, have more eﬀect inside the
port. That is reasonable given the orientation of the port entrance.
Apart from berth 21, berths 6 and 7 receive the higher wave heights. This is due to the location
of these berths in front of the northern port mouth. As a consequence, these berths receive
direct incidence of waves from S and reﬂected waves from SE and S-SE. This is shown in the
aforementioned tables, where these wave directions give rise to the larger wave heights at those
berths.
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(a) Hs forced incident Hs = 1.5m from E-SE. (b) Hs forced incident Hs = 3.5m from SE.
(c) Hs forced incident Hs = 2.5m from S-SE. (d) Hs forced incident Hs = 2.5m from S.
Figure 6.5: Examples of the resulting distribution of wave heights at the Port of Barcelona basins for the
present situation obtained with LIMPORT.
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(a) Hs forced incident Hs = 1.5m from E-SE. (b) Hs forced incident Hs = 3.5m from SE.
(c) Hs forced incident Hs = 2.5m from S-SE. (d) Hs forced incident Hs = 2.5m from S.
Figure 6.6: Examples of the resulting distribution of wave heights at the Port of Barcelona basins for the
future (SLR = +1.80m) situation obtained with LIMPORT.
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Table 6.2: H90 (m) at each berth obtained from LIMPORT simulations for the present situation.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
E-NE 0.03 0.04 0.05 0.06 0.06 0.10 0.08 0.07 0.04 0.04 0.03 0.03 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.06
E 0.00 0.00 0.03 0.04 0.04 0.06 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
E-SE 0.00 0.02 0.03 0.03 0.03 0.05 0.04 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
SE 0.08 0.10 0.10 0.14 0.14 0.23 0.17 0.14 0.09 0.08 0.08 0.09 0.09 0.09 0.07 0.05 0.05 0.04 0.04 0.04 0.18
S-SE 0.15 0.17 0.14 0.12 0.13 0.21 0.17 0.15 0.11 0.13 0.13 0.15 0.14 0.15 0.12 0.09 0.07 0.06 0.05 0.06 0.24
S 0.07 0.08 0.10 0.03 0.03 0.04 0.04 0.04 0.07 0.12 0.08 0.07 0.10 0.08 0.05 0.00 0.04 0.03 0.04 0.03 0.03
S-SW 0.04 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.03 0.04 0.03 0.03 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.04
SW 0.04 0.04 0.03 0.00 0.00 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.05
E-NE 0.08 0.07 0.09 0.11 0.12 0.17 0.14 0.12 0.08 0.07 0.06 0.06 0.07 0.07 0.07 0.05 0.04 0.04 0.03 0.04 0.12
E 0.04 0.04 0.06 0.07 0.07 0.13 0.11 0.08 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.00 0.00 0.00 0.06
E-SE 0.07 0.07 0.07 0.05 0.06 0.09 0.08 0.07 0.05 0.07 0.06 0.06 0.07 0.06 0.04 0.03 0.03 0.03 0.00 0.03 0.07
SE 0.27 0.24 0.21 0.25 0.26 0.40 0.32 0.26 0.18 0.20 0.19 0.21 0.21 0.25 0.21 0.17 0.14 0.11 0.10 0.11 0.60
S-SE 0.42 0.36 0.31 0.27 0.30 0.42 0.37 0.34 0.25 0.28 0.28 0.28 0.31 0.34 0.30 0.22 0.18 0.15 0.12 0.15 0.59
S 0.44 0.40 0.35 0.37 0.41 0.66 0.54 0.43 0.29 0.35 0.33 0.36 0.35 0.41 0.37 0.27 0.20 0.17 0.14 0.17 0.58
S-SW 0.07 0.08 0.08 0.05 0.05 0.09 0.08 0.06 0.06 0.08 0.07 0.06 0.08 0.07 0.06 0.05 0.04 0.04 0.03 0.04 0.08
SW 0.07 0.07 0.06 0.05 0.05 0.08 0.07 0.06 0.05 0.06 0.06 0.06 0.06 0.07 0.06 0.05 0.04 0.04 0.03 0.04 0.10
E-NE 0.11 0.11 0.11 0.13 0.14 0.20 0.20 0.16 0.10 0.10 0.08 0.10 0.10 0.10 0.10 0.06 0.05 0.05 0.05 0.05 0.16
E 0.07 0.08 0.08 0.08 0.09 0.14 0.12 0.10 0.07 0.08 0.07 0.07 0.08 0.07 0.05 0.05 0.04 0.04 0.04 0.04 0.09
E-SE 0.31 0.31 0.23 0.19 0.19 0.31 0.28 0.23 0.18 0.23 0.21 0.24 0.25 0.28 0.26 0.17 0.14 0.11 0.11 0.13 0.47
SE 0.36 0.34 0.28 0.31 0.36 0.51 0.42 0.33 0.24 0.27 0.24 0.27 0.30 0.32 0.31 0.22 0.17 0.14 0.14 0.15 0.80
S-SE 0.43 0.44 0.36 0.33 0.40 0.53 0.48 0.41 0.30 0.36 0.30 0.33 0.37 0.42 0.38 0.28 0.23 0.18 0.16 0.20 0.83
S 0.43 0.48 0.43 0.43 0.48 0.77 0.61 0.49 0.35 0.42 0.37 0.42 0.44 0.43 0.42 0.31 0.24 0.18 0.17 0.22 0.80
S-SW 0.26 0.29 0.29 0.09 0.09 0.18 0.16 0.12 0.18 0.30 0.23 0.21 0.30 0.22 0.14 0.07 0.10 0.07 0.06 0.08 0.14
SW 0.09 0.11 0.11 0.07 0.07 0.12 0.10 0.09 0.08 0.12 0.09 0.09 0.11 0.09 0.08 0.06 0.05 0.05 0.05 0.05 0.12
E-NE 0.10 0.12 0.12 0.15 0.16 0.22 0.21 0.17 0.11 0.11 0.09 0.10 0.10 0.10 0.09 0.07 0.06 0.06 0.06 0.06 0.15
E 0.11 0.13 0.12 0.10 0.11 0.16 0.15 0.12 0.10 0.13 0.11 0.11 0.13 0.09 0.07 0.08 0.07 0.06 0.06 0.06 0.11
E-SE 0.38 0.39 0.31 0.24 0.27 0.43 0.38 0.31 0.23 0.31 0.30 0.30 0.34 0.38 0.32 0.23 0.18 0.14 0.13 0.16 0.73
SE 0.41 0.41 0.34 0.34 0.37 0.59 0.48 0.40 0.29 0.32 0.29 0.32 0.35 0.36 0.36 0.25 0.20 0.17 0.15 0.18 0.90
S-SE 0.47 0.48 0.41 0.40 0.44 0.61 0.54 0.47 0.35 0.40 0.34 0.38 0.42 0.42 0.41 0.33 0.26 0.22 0.20 0.24 0.97
S 0.57 0.70 0.57 0.46 0.53 0.80 0.69 0.59 0.44 0.55 0.48 0.48 0.61 0.56 0.53 0.36 0.30 0.25 0.21 0.26 0.80
S-SW 0.50 0.56 0.50 0.50 0.54 0.89 0.81 0.63 0.43 0.48 0.41 0.43 0.50 0.47 0.44 0.34 0.27 0.22 0.17 0.23 0.62
SW 0.21 0.22 0.23 0.08 0.09 0.15 0.13 0.11 0.15 0.26 0.19 0.17 0.25 0.18 0.13 0.08 0.09 0.07 0.06 0.08 0.13
E-NE 0.11 0.13 0.13 0.15 0.16 0.23 0.21 0.18 0.12 0.12 0.10 0.12 0.11 0.11 0.10 0.10 0.09 0.07 0.07 0.08 0.17
E 0.15 0.14 0.13 0.13 0.13 0.21 0.19 0.16 0.12 0.13 0.12 0.12 0.14 0.14 0.12 0.10 0.08 0.06 0.06 0.07 0.19
E-SE 0.39 0.42 0.34 0.24 0.26 0.41 0.38 0.33 0.24 0.34 0.33 0.33 0.39 0.41 0.34 0.26 0.21 0.18 0.16 0.19 0.83
SE 0.44 0.44 0.39 0.38 0.39 0.64 0.57 0.47 0.33 0.37 0.32 0.34 0.38 0.39 0.37 0.28 0.22 0.19 0.18 0.20 1.07
S-SE 0.50 0.51 0.46 0.43 0.48 0.66 0.59 0.52 0.39 0.45 0.39 0.40 0.46 0.45 0.46 0.36 0.29 0.26 0.25 0.28 1.14
S 0.71 0.89 0.70 0.51 0.55 0.85 0.73 0.65 0.55 0.68 0.65 0.64 0.77 0.65 0.57 0.44 0.37 0.30 0.28 0.33 0.86
S-SW 0.61 0.80 0.62 0.51 0.54 0.86 0.76 0.66 0.50 0.56 0.60 0.59 0.67 0.60 0.57 0.39 0.33 0.28 0.25 0.30 0.81
SW 0.26 0.31 0.29 0.26 0.27 0.42 0.39 0.31 0.23 0.29 0.26 0.26 0.30 0.25 0.23 0.15 0.14 0.12 0.11 0.13 0.27
Initial 
Hs
Initial 
Direction
4.5 m
Berths
0.5 m
1.5 m
2.5 m
3.5 m
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Table 6.3: H90 (m) at each berth obtained from LIMPORT simulations for the future situation without
SLR.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
E-NE 0.03 0.04 0.05 0.06 0.06 0.10 0.08 0.07 0.04 0.04 0.03 0.03 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.06
E 0.00 0.00 0.03 0.04 0.04 0.06 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
E-SE 0.00 0.00 0.03 0.03 0.03 0.05 0.04 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
SE 0.08 0.10 0.10 0.14 0.14 0.23 0.17 0.14 0.09 0.08 0.08 0.09 0.08 0.09 0.07 0.05 0.05 0.04 0.04 0.04 0.17
S-SE 0.15 0.17 0.13 0.12 0.13 0.21 0.17 0.14 0.10 0.13 0.13 0.15 0.14 0.14 0.12 0.09 0.07 0.06 0.05 0.06 0.23
S 0.07 0.08 0.09 0.02 0.03 0.04 0.04 0.04 0.07 0.11 0.07 0.07 0.09 0.08 0.05 0.00 0.04 0.02 0.03 0.03 0.03
S-SW 0.04 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.04
SW 0.04 0.04 0.04 0.00 0.00 0.03 0.03 0.03 0.00 0.03 0.03 0.03 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.05
E-NE 0.08 0.08 0.09 0.11 0.12 0.18 0.14 0.12 0.08 0.07 0.06 0.06 0.07 0.07 0.07 0.05 0.04 0.04 0.03 0.04 0.12
E 0.04 0.05 0.06 0.07 0.07 0.13 0.11 0.08 0.05 0.05 0.04 0.04 0.05 0.04 0.04 0.03 0.03 0.03 0.00 0.03 0.06
E-SE 0.07 0.07 0.07 0.05 0.06 0.09 0.08 0.07 0.05 0.07 0.06 0.06 0.07 0.06 0.04 0.03 0.03 0.03 0.00 0.03 0.07
SE 0.27 0.24 0.21 0.25 0.26 0.40 0.32 0.26 0.18 0.20 0.19 0.21 0.21 0.25 0.21 0.17 0.14 0.11 0.10 0.11 0.60
S-SE 0.42 0.36 0.31 0.27 0.30 0.42 0.37 0.34 0.25 0.28 0.28 0.28 0.31 0.34 0.30 0.22 0.18 0.15 0.12 0.15 0.59
S 0.44 0.40 0.35 0.37 0.41 0.66 0.54 0.44 0.29 0.35 0.34 0.37 0.35 0.42 0.38 0.27 0.21 0.17 0.15 0.18 0.58
S-SW 0.08 0.08 0.08 0.05 0.06 0.09 0.08 0.06 0.06 0.08 0.07 0.06 0.08 0.07 0.06 0.05 0.04 0.04 0.04 0.04 0.08
SW 0.07 0.07 0.06 0.05 0.05 0.07 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.07 0.07 0.05 0.04 0.04 0.04 0.04 0.10
E-NE 0.11 0.11 0.11 0.13 0.14 0.20 0.19 0.15 0.10 0.10 0.08 0.09 0.09 0.10 0.10 0.07 0.05 0.05 0.05 0.05 0.16
E 0.07 0.08 0.08 0.08 0.09 0.14 0.12 0.10 0.07 0.08 0.07 0.07 0.08 0.07 0.05 0.05 0.04 0.04 0.04 0.04 0.09
E-SE 0.31 0.31 0.23 0.19 0.19 0.31 0.28 0.23 0.18 0.23 0.21 0.24 0.25 0.28 0.26 0.17 0.14 0.11 0.11 0.13 0.47
SE 0.36 0.34 0.28 0.31 0.36 0.51 0.42 0.33 0.24 0.27 0.24 0.27 0.30 0.32 0.31 0.22 0.17 0.14 0.14 0.15 0.80
S-SE 0.42 0.44 0.35 0.33 0.40 0.54 0.48 0.41 0.30 0.36 0.30 0.33 0.37 0.41 0.38 0.28 0.23 0.18 0.16 0.20 0.83
S 0.44 0.48 0.42 0.43 0.47 0.76 0.61 0.48 0.35 0.43 0.36 0.41 0.44 0.43 0.42 0.31 0.24 0.19 0.17 0.22 0.79
S-SW 0.27 0.29 0.29 0.09 0.09 0.17 0.16 0.12 0.18 0.31 0.23 0.21 0.30 0.22 0.14 0.07 0.10 0.07 0.06 0.08 0.14
SW 0.10 0.11 0.11 0.06 0.07 0.12 0.10 0.08 0.08 0.12 0.09 0.09 0.11 0.09 0.08 0.06 0.05 0.05 0.04 0.05 0.12
E-NE 0.10 0.11 0.12 0.14 0.16 0.21 0.21 0.17 0.11 0.11 0.09 0.10 0.10 0.10 0.09 0.07 0.06 0.06 0.05 0.06 0.15
E 0.11 0.12 0.11 0.10 0.11 0.17 0.15 0.12 0.10 0.13 0.11 0.11 0.13 0.09 0.07 0.08 0.07 0.05 0.06 0.06 0.10
E-SE 0.38 0.39 0.31 0.24 0.27 0.44 0.38 0.31 0.23 0.31 0.30 0.31 0.33 0.38 0.32 0.22 0.18 0.14 0.13 0.16 0.72
SE 0.41 0.41 0.34 0.34 0.37 0.59 0.48 0.40 0.29 0.32 0.29 0.32 0.35 0.36 0.36 0.25 0.20 0.17 0.15 0.18 0.90
S-SE 0.46 0.48 0.41 0.39 0.43 0.60 0.55 0.47 0.35 0.39 0.35 0.38 0.42 0.42 0.41 0.33 0.26 0.22 0.20 0.24 0.97
S 0.57 0.70 0.57 0.46 0.52 0.79 0.68 0.61 0.45 0.55 0.48 0.48 0.61 0.55 0.52 0.36 0.29 0.25 0.21 0.26 0.81
S-SW 0.52 0.59 0.52 0.53 0.56 0.94 0.84 0.66 0.44 0.50 0.42 0.45 0.52 0.50 0.46 0.36 0.29 0.23 0.18 0.24 0.64
SW 0.20 0.21 0.23 0.08 0.09 0.15 0.14 0.11 0.15 0.25 0.18 0.17 0.25 0.18 0.13 0.09 0.09 0.07 0.06 0.08 0.14
E-NE 0.10 0.12 0.12 0.14 0.15 0.21 0.20 0.16 0.11 0.11 0.10 0.11 0.11 0.10 0.09 0.08 0.07 0.07 0.07 0.07 0.16
E 0.16 0.15 0.14 0.13 0.13 0.22 0.19 0.16 0.12 0.13 0.12 0.12 0.15 0.15 0.13 0.10 0.08 0.07 0.06 0.07 0.20
E-SE 0.39 0.42 0.34 0.24 0.26 0.41 0.38 0.32 0.24 0.36 0.33 0.34 0.39 0.40 0.34 0.26 0.21 0.17 0.16 0.19 0.83
SE 0.44 0.45 0.39 0.37 0.39 0.63 0.57 0.46 0.33 0.37 0.32 0.34 0.38 0.39 0.37 0.28 0.22 0.20 0.18 0.20 1.07
S-SE 0.51 0.51 0.46 0.44 0.47 0.65 0.60 0.51 0.39 0.42 0.39 0.40 0.46 0.44 0.47 0.35 0.29 0.26 0.24 0.28 1.14
S 0.73 0.88 0.69 0.51 0.57 0.84 0.76 0.70 0.54 0.65 0.64 0.64 0.78 0.67 0.58 0.44 0.36 0.30 0.28 0.34 0.86
S-SW 0.60 0.74 0.59 0.48 0.51 0.83 0.74 0.64 0.47 0.53 0.56 0.57 0.63 0.59 0.55 0.39 0.32 0.28 0.26 0.29 0.82
SW 0.33 0.41 0.35 0.32 0.34 0.52 0.50 0.40 0.30 0.34 0.33 0.32 0.38 0.31 0.31 0.21 0.18 0.15 0.14 0.17 0.35
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Table 6.4: H90(m) at each berth obtained from LIMPORT simulations for the future (SLR = +0.88m)
situation.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
E-NE 0.04 0.04 0.05 0.06 0.07 0.10 0.08 0.07 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.06
E 0.00 0.00 0.03 0.04 0.04 0.06 0.05 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
E-SE 0.02 0.03 0.03 0.03 0.03 0.05 0.04 0.04 0.03 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
SE 0.09 0.11 0.11 0.15 0.16 0.24 0.18 0.15 0.10 0.09 0.09 0.10 0.09 0.10 0.08 0.05 0.05 0.04 0.04 0.04 0.17
S-SE 0.17 0.17 0.14 0.14 0.14 0.22 0.19 0.16 0.12 0.13 0.13 0.14 0.15 0.17 0.14 0.10 0.09 0.07 0.06 0.07 0.26
S 0.07 0.09 0.11 0.03 0.03 0.04 0.04 0.04 0.08 0.12 0.09 0.08 0.11 0.08 0.06 0.00 0.05 0.04 0.03 0.04 0.04
S-SW 0.04 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.04
SW 0.04 0.04 0.04 0.00 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.05
E-NE 0.09 0.08 0.10 0.12 0.13 0.18 0.16 0.13 0.09 0.09 0.07 0.07 0.08 0.08 0.08 0.06 0.05 0.05 0.04 0.05 0.13
E 0.04 0.05 0.06 0.08 0.08 0.14 0.11 0.09 0.05 0.05 0.04 0.04 0.05 0.04 0.04 0.03 0.03 0.02 0.03 0.02 0.06
E-SE 0.08 0.08 0.07 0.06 0.06 0.09 0.08 0.07 0.05 0.08 0.07 0.06 0.08 0.06 0.05 0.03 0.04 0.03 0.03 0.03 0.07
SE 0.33 0.27 0.23 0.23 0.27 0.38 0.33 0.28 0.20 0.22 0.20 0.21 0.24 0.30 0.25 0.18 0.15 0.12 0.11 0.13 0.62
S-SE 0.46 0.38 0.32 0.27 0.32 0.47 0.40 0.34 0.29 0.34 0.28 0.30 0.33 0.40 0.34 0.25 0.20 0.17 0.14 0.17 0.63
S 0.49 0.44 0.39 0.42 0.48 0.76 0.63 0.50 0.35 0.42 0.34 0.37 0.37 0.45 0.40 0.29 0.22 0.19 0.15 0.19 0.65
S-SW 0.08 0.09 0.09 0.05 0.06 0.09 0.08 0.07 0.06 0.09 0.08 0.07 0.09 0.08 0.06 0.05 0.04 0.04 0.04 0.04 0.09
SW 0.08 0.07 0.06 0.05 0.05 0.08 0.07 0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.06 0.05 0.04 0.04 0.04 0.10
E-NE 0.13 0.11 0.13 0.16 0.17 0.23 0.22 0.18 0.12 0.11 0.09 0.10 0.10 0.10 0.10 0.07 0.06 0.05 0.05 0.05 0.17
E 0.08 0.09 0.09 0.10 0.10 0.16 0.14 0.12 0.08 0.09 0.08 0.08 0.09 0.07 0.06 0.06 0.05 0.05 0.05 0.05 0.09
E-SE 0.33 0.33 0.26 0.21 0.23 0.34 0.30 0.26 0.21 0.27 0.24 0.27 0.29 0.29 0.26 0.22 0.15 0.15 0.13 0.15 0.47
SE 0.38 0.38 0.32 0.32 0.37 0.50 0.45 0.38 0.28 0.30 0.28 0.31 0.33 0.36 0.32 0.25 0.20 0.17 0.15 0.17 0.89
S-SE 0.49 0.48 0.40 0.35 0.39 0.57 0.52 0.46 0.35 0.39 0.33 0.39 0.41 0.48 0.39 0.31 0.24 0.22 0.17 0.22 0.89
S 0.53 0.58 0.49 0.50 0.54 0.86 0.71 0.56 0.43 0.48 0.43 0.49 0.49 0.49 0.45 0.41 0.29 0.27 0.21 0.27 0.83
S-SW 0.27 0.30 0.33 0.09 0.09 0.18 0.15 0.12 0.22 0.36 0.27 0.25 0.35 0.23 0.16 0.07 0.11 0.07 0.06 0.08 0.14
SW 0.11 0.12 0.11 0.07 0.08 0.12 0.11 0.09 0.09 0.12 0.10 0.09 0.11 0.10 0.09 0.07 0.06 0.06 0.05 0.06 0.12
E-NE 0.12 0.12 0.14 0.17 0.20 0.26 0.24 0.19 0.13 0.12 0.10 0.11 0.11 0.10 0.10 0.07 0.06 0.06 0.06 0.06 0.16
E 0.11 0.13 0.12 0.12 0.13 0.18 0.16 0.14 0.11 0.13 0.11 0.11 0.12 0.09 0.08 0.10 0.08 0.07 0.07 0.07 0.11
E-SE 0.40 0.44 0.34 0.26 0.27 0.45 0.39 0.33 0.28 0.33 0.31 0.31 0.39 0.39 0.37 0.27 0.22 0.19 0.18 0.21 0.77
SE 0.44 0.42 0.37 0.38 0.37 0.59 0.53 0.44 0.33 0.35 0.32 0.34 0.37 0.39 0.37 0.29 0.23 0.21 0.17 0.20 1.02
S-SE 0.51 0.52 0.44 0.46 0.47 0.68 0.63 0.53 0.40 0.40 0.39 0.41 0.44 0.48 0.44 0.33 0.28 0.25 0.22 0.26 1.04
S 0.65 0.80 0.65 0.54 0.57 0.88 0.77 0.66 0.56 0.62 0.63 0.61 0.72 0.58 0.59 0.44 0.37 0.32 0.27 0.32 0.88
S-SW 0.53 0.58 0.52 0.54 0.59 0.91 0.81 0.64 0.45 0.50 0.45 0.45 0.50 0.44 0.41 0.29 0.24 0.24 0.20 0.22 0.61
SW 0.20 0.25 0.25 0.09 0.09 0.15 0.14 0.11 0.17 0.27 0.20 0.18 0.26 0.18 0.12 0.08 0.09 0.07 0.07 0.08 0.14
E-NE 0.11 0.12 0.14 0.15 0.16 0.24 0.22 0.19 0.13 0.13 0.11 0.11 0.11 0.11 0.10 0.09 0.08 0.08 0.07 0.08 0.17
E 0.13 0.14 0.14 0.15 0.15 0.23 0.21 0.18 0.13 0.13 0.13 0.13 0.14 0.14 0.11 0.10 0.08 0.07 0.07 0.07 0.18
E-SE 0.45 0.44 0.36 0.30 0.30 0.46 0.42 0.37 0.30 0.31 0.36 0.37 0.40 0.40 0.36 0.25 0.23 0.20 0.19 0.22 0.84
SE 0.47 0.46 0.41 0.40 0.40 0.62 0.57 0.49 0.36 0.36 0.38 0.40 0.42 0.44 0.39 0.34 0.27 0.25 0.20 0.23 1.18
S-SE 0.54 0.53 0.48 0.51 0.52 0.72 0.68 0.59 0.44 0.44 0.44 0.46 0.47 0.49 0.46 0.37 0.32 0.28 0.25 0.29 1.23
S 0.80 1.03 0.82 0.58 0.61 0.93 0.82 0.77 0.69 0.74 0.81 0.78 0.91 0.72 0.71 0.50 0.45 0.40 0.37 0.41 0.98
S-SW 0.81 0.99 0.76 0.57 0.59 0.90 0.81 0.72 0.64 0.64 0.76 0.74 0.86 0.70 0.65 0.49 0.39 0.42 0.35 0.40 0.86
SW 0.28 0.32 0.30 0.30 0.31 0.50 0.43 0.35 0.25 0.28 0.29 0.27 0.30 0.27 0.21 0.16 0.14 0.13 0.12 0.14 0.28
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Table 6.5: H90(m) at each berth obtained from LIMPORT simulations for the future (SLR = +1.80m)
situation.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
E-NE 0.04 0.04 0.05 0.07 0.07 0.11 0.08 0.07 0.05 0.04 0.04 0.04 0.04 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.06
E 0.00 0.00 0.03 0.04 0.04 0.06 0.05 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
E-SE 0.03 0.03 0.03 0.03 0.04 0.05 0.04 0.04 0.03 0.03 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.03
SE 0.10 0.11 0.12 0.15 0.16 0.24 0.19 0.16 0.10 0.09 0.09 0.10 0.10 0.10 0.09 0.06 0.06 0.05 0.04 0.05 0.19
S-SE 0.19 0.18 0.16 0.16 0.16 0.23 0.20 0.17 0.13 0.14 0.15 0.16 0.16 0.17 0.15 0.11 0.09 0.09 0.07 0.08 0.27
S 0.08 0.10 0.11 0.03 0.03 0.04 0.05 0.04 0.08 0.12 0.10 0.09 0.11 0.09 0.06 0.00 0.05 0.04 0.04 0.04 0.04
S-SW 0.03 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.03 0.04 0.03 0.03 0.04 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.04
SW 0.04 0.04 0.04 0.00 0.02 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.05
E-NE 0.09 0.08 0.11 0.13 0.15 0.19 0.19 0.15 0.10 0.09 0.08 0.08 0.08 0.08 0.08 0.06 0.05 0.05 0.04 0.05 0.13
E 0.05 0.05 0.06 0.08 0.09 0.14 0.11 0.09 0.06 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.06
E-SE 0.07 0.07 0.07 0.06 0.07 0.10 0.09 0.07 0.05 0.07 0.07 0.06 0.08 0.07 0.05 0.04 0.04 0.04 0.03 0.03 0.07
SE 0.34 0.30 0.27 0.27 0.30 0.45 0.37 0.31 0.22 0.24 0.23 0.24 0.26 0.31 0.28 0.19 0.17 0.13 0.11 0.13 0.66
S-SE 0.46 0.42 0.34 0.33 0.35 0.49 0.42 0.37 0.28 0.33 0.32 0.37 0.36 0.47 0.39 0.27 0.21 0.19 0.15 0.18 0.65
S 0.52 0.46 0.44 0.48 0.55 0.82 0.69 0.57 0.40 0.42 0.35 0.38 0.41 0.49 0.41 0.31 0.24 0.20 0.18 0.21 0.73
S-SW 0.08 0.10 0.09 0.06 0.06 0.10 0.09 0.07 0.06 0.09 0.08 0.07 0.09 0.08 0.07 0.05 0.04 0.04 0.04 0.04 0.09
SW 0.08 0.08 0.07 0.06 0.06 0.09 0.08 0.07 0.06 0.07 0.07 0.07 0.07 0.08 0.08 0.06 0.05 0.04 0.04 0.04 0.11
E-NE 0.11 0.12 0.15 0.16 0.17 0.24 0.25 0.22 0.15 0.13 0.12 0.12 0.11 0.11 0.10 0.08 0.07 0.06 0.05 0.06 0.16
E 0.08 0.09 0.10 0.10 0.10 0.16 0.14 0.12 0.09 0.09 0.08 0.08 0.09 0.08 0.06 0.06 0.05 0.05 0.05 0.05 0.10
E-SE 0.36 0.34 0.28 0.20 0.21 0.32 0.32 0.26 0.21 0.25 0.28 0.30 0.31 0.34 0.30 0.23 0.18 0.17 0.14 0.16 0.48
SE 0.44 0.40 0.36 0.34 0.35 0.51 0.48 0.44 0.30 0.33 0.35 0.39 0.37 0.39 0.36 0.26 0.22 0.19 0.17 0.19 0.94
S-SE 0.51 0.52 0.44 0.43 0.48 0.62 0.59 0.51 0.37 0.43 0.41 0.44 0.45 0.51 0.46 0.35 0.27 0.25 0.21 0.23 0.93
S 0.66 0.70 0.57 0.52 0.56 0.86 0.77 0.67 0.48 0.54 0.48 0.58 0.59 0.61 0.58 0.56 0.36 0.35 0.28 0.32 0.82
S-SW 0.28 0.32 0.34 0.09 0.09 0.17 0.15 0.13 0.22 0.35 0.29 0.26 0.37 0.23 0.15 0.07 0.11 0.09 0.07 0.09 0.13
SW 0.12 0.12 0.12 0.08 0.08 0.13 0.12 0.10 0.09 0.12 0.11 0.10 0.12 0.11 0.10 0.08 0.07 0.06 0.05 0.06 0.13
E-NE 0.12 0.13 0.16 0.17 0.18 0.26 0.26 0.23 0.16 0.14 0.13 0.13 0.13 0.12 0.10 0.08 0.07 0.07 0.06 0.06 0.16
E 0.10 0.11 0.12 0.13 0.13 0.20 0.18 0.16 0.11 0.11 0.11 0.11 0.11 0.09 0.08 0.10 0.09 0.07 0.07 0.07 0.11
E-SE 0.46 0.51 0.37 0.25 0.27 0.46 0.40 0.34 0.30 0.35 0.38 0.35 0.44 0.50 0.46 0.37 0.26 0.27 0.19 0.23 0.74
SE 0.51 0.46 0.40 0.39 0.41 0.61 0.54 0.48 0.35 0.38 0.36 0.40 0.42 0.46 0.43 0.30 0.25 0.22 0.20 0.23 1.10
S-SE 0.54 0.53 0.48 0.49 0.47 0.71 0.64 0.58 0.41 0.44 0.44 0.47 0.49 0.53 0.49 0.40 0.31 0.30 0.24 0.27 1.12
S 0.76 0.93 0.74 0.59 0.60 0.93 0.87 0.77 0.62 0.72 0.70 0.75 0.84 0.75 0.75 0.55 0.43 0.42 0.31 0.38 0.96
S-SW 0.43 0.48 0.46 0.50 0.51 0.84 0.77 0.57 0.42 0.44 0.42 0.44 0.46 0.41 0.36 0.28 0.22 0.21 0.18 0.22 0.51
SW 0.21 0.24 0.24 0.09 0.10 0.15 0.15 0.12 0.17 0.24 0.22 0.19 0.26 0.19 0.14 0.09 0.10 0.08 0.07 0.09 0.15
E-NE 0.12 0.13 0.15 0.17 0.18 0.26 0.25 0.22 0.15 0.14 0.12 0.13 0.12 0.11 0.10 0.09 0.08 0.08 0.07 0.07 0.17
E 0.13 0.15 0.15 0.17 0.16 0.25 0.22 0.20 0.15 0.14 0.14 0.14 0.14 0.13 0.10 0.10 0.09 0.08 0.08 0.07 0.18
E-SE 0.44 0.49 0.37 0.33 0.31 0.46 0.44 0.40 0.32 0.34 0.35 0.36 0.42 0.45 0.40 0.33 0.26 0.25 0.22 0.24 0.83
SE 0.54 0.51 0.42 0.52 0.46 0.67 0.60 0.55 0.38 0.42 0.39 0.43 0.45 0.50 0.49 0.35 0.29 0.27 0.24 0.27 1.27
S-SE 0.59 0.56 0.53 0.59 0.54 0.80 0.75 0.67 0.49 0.49 0.45 0.52 0.52 0.59 0.51 0.42 0.34 0.33 0.29 0.32 1.31
S 0.90 1.18 0.89 0.62 0.64 1.01 0.90 0.86 0.73 0.81 0.94 0.99 1.04 0.84 0.83 0.58 0.48 0.47 0.41 0.49 1.05
S-SW 0.94 1.17 0.87 0.69 0.63 1.00 0.91 0.80 0.68 0.77 1.00 1.01 1.02 0.88 0.81 0.58 0.52 0.51 0.45 0.50 0.96
SW 0.26 0.28 0.27 0.23 0.22 0.41 0.37 0.29 0.23 0.26 0.26 0.25 0.28 0.25 0.19 0.15 0.14 0.12 0.11 0.13 0.25
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6.3 Port Operability
The ﬁnal results of the whole study are exposed in this section. The estimated hours of inoperability
per year that condition each berth of the Port of Barcelona are shown in Table 6.6. As explained
in Chapter 5.3, the wave height threshold for operability is much more restrictive for transversal
waves compared to that of longitudinal waves. However, with LIMPORT it is not possible to
determine if the Hs values obtained are for transversal or longitudinal waves. In consequence, in
order to consider both longitudinal and transversal waves, the result is a range of hours instead of
an exact number of inoperability hours.
Table 6.6: Hours of inoperability per year in the diﬀerent studied scenarios.
Berth
Inoperability per year (h)
Present Future Future (+0.88m) Future (+1.80m)
Longitudinal Transversal Longitudinal Transversal Longitudinal Transversal Longitudinal Transversal
1 0.0 0.0 0.0 0.0 0.0 1.0 0.0 1.0
2 0.0 1.5 0.0 0.0 0.0 1.0 1.0 1.2
3 6.6 66.6 6.1 68.8 6.1 109.3 2.2 109.3
4 6.6 44.4 4.9 43.0 7.2 43.0 7.2 64.6
5 6.6 44.4 6.1 43.0 7.2 60.9 37.8 64.6
6 44.4 139.6 43.0 170.5 38.5 170.5 43.0 170.5
7 40.6 112.6 37.8 137.5 38.5 170.5 38.5 170.5
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 10.5 0.0 7.9 1.2 42.3 1.2 55.5
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.0
12 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.0
13 6.6 106.1 6.1 104.8 6.1 109.3 2.2 142.3
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
16 0.0 8.8 0.0 7.2 0.0 3.0 2.2 46.0
17 0.0 1.5 0.0 1.0 0.0 1.2 1.0 2.2
18 0.0 0.0 0.0 0.0 0.0 1.2 1.0 2.2
19 0.0 0.0 0.0 0.0 0.0 1.0 0.0 1.2
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 112.6 139.6 137.5 170.5 137.5 170.5 137.5 170.5
There are twelve berths that in the present they are operative and moreover they do not present
any signiﬁcant consequence for the possible changes on wave patterns not only due to Climate
Change. These berths are highlighted in blue in Table 6.6. On the contrary, berths that have high
inoperability are highlighted in red. They are berths 6, 7 and 21. Particularly, berth 21 is exposed
to the highest inoperability conditions already from the present scenario.
Figure 6.7 shows charts with the inoperability hours for the most representative aﬀected berths.
They correspond to three passenger terminals, three ferry berths, two container terminals and a
ro-ro berth. It is possible to visualise similarities among these aﬀected berths. For example, berths
3-13, 4-5, 6-7 and 9-16 present similar inoperability hours and it makes sense because of their
location (see Figure 3.5).
For the sake of simplicity, from now the word L-hours is going to be used to make reference to
inoperability hours due to longitudinal waves and T-hours due to transversal waves.
As previously mentioned, the most unfavourable berth is one of the container terminals, berth 21.
Directly from the present scenario it stands out with a high number of both L-hours and T-hours,
112.6h and 139.6h respectively. Looking to the future scenarios, it shows an increase of 25 L-hours
and 30 L-hours approximately, that are maintained constant when considering a sea level rise.
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Nevertheless, all these values are within the tolerable limits, because they do not exceed the 200
h/year, which is the maximum suggested for a container terminal by EPPE (2000).
Berths 3 and 13 show a slight decrease on L-hours comparing future scenarios with the present;
in particular this reduction is more signiﬁcant for the future with a SLR of +1.80 m. On the
contrary, these berths are estimated to suﬀer a large increase on T-hours from the present due to a
sea level rise. In the case of berth 3 both SLR give rise to the same number of inoperability hours
(approximately 109h), while in berth 13 the inoperability time increases with SLR (109h for SLR
= +0.88 m and 142h for SLR = +1.80 m).
Another group of berths that also show a small reduction of L-hours for the future without SLR
are two of the passengers terminals, 4 and 5. Both berths show an increase of L-hours with a SLR
in the future, in particular 5 that experiences a large increase for the SLR of 1.80 m. On the other
hand, both berths show an increase of about 20T-hours when the sea level rises up to 1.80 m.
Berth 5 already notices this increase with 0.88 m.
Berths 6 and 7 have a number of inoperability hours already at the present scenario. In both cases
there is a slight reduction of L-hours for the future scenario without sea level rise. However, they
experience an increase again, without reaching the levels of the present, with a SLR of 1.80 m.
These two berths start with more than 110T-hours in present that rise up to 170.5T-hours for the
future (+1.80 m). While Berth 6 notices this increase by future scenario without SLR, berth 7
only notices it when the sea level rises. As in the case of berth 21, the inoperability time does not
reach the tolerable limits, even under the worst conditions.
Finally, Berth 9 and 16 present little L-hours increase but show a peculiar behavior of T-hours.
For the future scenario without SLR both decrease the amount of T-hours, but the SLR shows
a diﬀerent eﬀect on them. Berth 16 continues decreasing T-hours with a 0.88 m rise but then it
notably increases from 3 to 46 T-hours for the future with SLR of +1.80 m. However, Berth 9
already starts to increase T-hours when the sea level rises in the future scenarios.
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Figure 6.7: Inoperability hours per year at the more conditioned berths by Climate Change eﬀects.
38 Impact of climate change on wave agitation and operability of the Port of Barcelona
7 Conclusions and future work
7.1 Conclusions
This chapter presents the conclusions summarizing the more remarkable results and ﬁndings ob-
tained throughout the study. The conclusions are divided into four sections according to the
structure of the report.
Wave climate and sea level rise
 The frequencies of occurrence of waves between sectors E-NE and SE will increase in the
future (about 8% in absolute value), while those between S-SE and SW will decrease (-7.1%
in absolute value). Therefore, the waves with a more direct incidence towards the port
mouths will be less frequent in the future.
 Although the magnitude of the SLR by the end of this century is unknown, the evidences
suggest that it will not be negligible. The values of SLR adopted in this work correspond
to the worst scenario foreseen by IPCC in its last report (AR5) and one scenario even worse
that although having a low probability of occurrence, it is plausible.
Wave propagation to the Port entrance
 In order to obtain realistic boundary conditions, 1D computations with SWAN are required
to provide lateral boundary conditions. Nesting these 1D simulations with the 2D model
gives much more reliable results. Given the large amount of cases to be computed, it is
convenient to automate the process. For this, a script in batch language has been written.
This reduces signiﬁcantly the time required for computations.
 As expected, results obtained with SWAN give wave height reduction and wave directions
more perpendicular to the coast. As it could be expected due to shoaling and refraction.
Wave agitation inside the Port
 Wave penetration into the Port is mainly caused by waves coming from between directions
South and South-East. They aﬀect the zone located right in front of the Port entrance.
However, this zone does not have any berth and these waves direct incidence will not aﬀect
the Port operability.
 The inﬂuence of each wave direction in the Port is not signiﬁcantly changed considering the
diﬀerent SLR scenarios. On the other hand, wave height within the port increases with the
SLR, as it could be expected. Indeed, SLR increases water depths and therefore wave lengths,
which in turn increase the diﬀraction coeﬃcients and wave heights.
 The Hs value chosen to represent the basin berthing surface is the Hs from percentile 90
because the maximum Hs could represent an outlier and the average Hs is a too low value to
be considered.
Port operability
 The wave heights obtained with LIMPORT, along with their frequencies of occurrence and
combined with the operability Hs threshold for each type of vessel, are suﬃcient to obtain a
ﬁrst estimation of the Port inoperability. This study is based on this approach.
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 Operability for the majority of berths is not aﬀected by the Climate Change eﬀects on waves
and sea level.
 In general, if there is no sea level change in the future, the Port of Barcelona inoperability
(except for berth 21) will decrease due to an increase of waves coming from East sector
directions in front of a decrease of waves coming from South sector directions, where the
main Port entrance is located. Berth 21 has an opposite behaviour because it is not aﬀected
by waves coming from South but due to reﬂections inside the Port it is inﬂuenced by waves
coming from East direction.
 Considering a future sea level rise, there is a general tendency to increase the inoperability
hours because of the aforementioned increase of water depth and wave lengths, which entail
an increase of the wave heights at the berths. However, this increase never leads to exceed
the 200h limit deﬁned by the recommendations of the ROM 3.1-99, under the worst case
considered.
 General deviations on berth's behaviour are mainly explained for the complexity of the
processes involved to reproduce diﬀraction and reﬂection inside the Port.
 Output from LIMPORT does not distinguish between longitudinal and transversal waves.
However, the inoperability for both kinds of waves is signiﬁcantly diﬀerent and this introduces
additional uncertainty to the results.
7.2 Future work
The following points suggest some improvements that could be done to the present study:
 Wind and ﬂow velocities, in addition to wave height, could be as well studied in the same
future climate conditions, as they are limiting values for operability according to ROM 3.1-99.
 Information of wave direction inside the Port would be useful to reduce the uncertainty
related to the diﬀerent threshold values associated to longitudinal and transversal waves.
 Waves generated by local winds inside the study area could as well be taken into account
with SWAN.
Finally, some other possible studies continuing on the same ﬁeld are exposed above:
 This study could be applied to other ports along the Catalan coast, using the same dataset
provided by CCMC, such as Tarragona port. Moreover, the methodology here developed
could be applied to other ports worldwide.
 To get more inside into the eﬀects of Climate Change, other GCMs, RCMs and scenarios
could be considered for studying the Port of Barcelona operability, and to account for the
uncertainty associated to Climate Change projections.
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